ABSTRACT The epididymal region of the male reproductive tract is essential for sperm maturation, and dysfunction of this region results in infertility. Adult roosters have been observed to develop epididymal stones and consequently have reduced fertility. Efferent ductule cysts were first observed in White Leghorn roosters ages 18 to 26 wk. By 26 wk of age, the cysts had become solid, irregularly shaped, yellow-green stones primarily containing calcium (48%). The number and size of stones (9 to 160 µm, largest diameter) increased with age in affected males. Incidence ranged from 0 to 94% within rooster flocks surveyed. Stones have also been observed in broiler breeder roosters. Histological analysis of Leghorn and broiler breeder reproductive tracts revealed chronic inflammation with abundant interstitial mononu-
INTRODUCTION
The epididymal region of the rooster reproductive tract plays an essential role in production of fertile sperm. Testicular effluent is concentrated and sperm cell surface altered by passing through the excurrent ducts of the epididymis (Esponda and Bedford, 1985; Clulow and Jones, 1988) . These changes presumably account for differences in the function of sperm recovered from the testis and deferent duct (Howarth, 1983) . The epididymal region comprises rete testis, proximal and distal efferent ductules (ductili efferentes), a short connecting tubule, and ductus epididymis (Tingari, 1971; Budras and Sauer, 1975; Hess et al., 1976) . In avian species, efferent ducts 568 clear cell infiltrates. The normal, highly folded structure of efferent ductules was replaced by a thin, eroded epithelial layer with few luminal sperm. Abnormal areas were found interspersed with normal areas of epithelium.
Broiler breeder male fertility trials demonstrated that birds with stones compared with normal males had reduced fertility following both natural mating (24.8 ± 10.5% vs. 66.1 ± 7.2%) and artificial insemination (47.8 ± 16% vs. 82.0 ± 6%). At 62 wk of age, testis weight (14.2 ± 1.4 g vs. 20.5 ± 1.2 g), daily sperm production (8.1 ± 1.3 × 10 8 vs. 12.3 ± 0.8 × 10 8 sperm per testis per day), and circulating testosterone concentrations (0.9 ± 0.3 vs. 2.6 ± 0.4 ng/mL) were all significantly reduced in males with stones. In conclusion, we are reporting a new dysfunction of the rooster reproductive tract that affects diverse bird populations and decreases fertility.
compose over 70% of the epididymal region, suggesting that efferent ductules represent a more important component of the epididymal region than does the rete testis or epididymal duct (Aire, 1979; Clulow and Jones, 1988) . The epithelium of efferent ducts is heavily folded to increase surface area of the ductal lumen and consists of ciliated and nonciliated cells (Aire, 1980; Bakst, 1980) . Primary functions of efferent ductules in all species include fluid reabsorption, transport and concentration of sperm, phagocytosis of sperm, and protein secretion (Tingari, 1972; Hess and Thurston, 1977; Clulow and Jones, 1988; Nakai et al., 1989; Ilio and Hess, 1994) .
There are at least two conditions associated with abnormal development or dysfunction of efferent ducts in birds in which males have reduced fertility and sperm exhibit functional or morphologic abnormalities. In turkeys, yellow semen syndrome is associated with abnormal accumulation of lipid in ductal epithelium and secretion of excessive amounts of proteins and androgens into the semen Thurston et al., 1982) . In chickens, heritable subfertility has been associated with malformed efferent ducts (Kirby et al., 1990) . Recently, our laboraAbbreviation Key: AOAC = Association of Official Analytical Chemists; L:D = hours of light and darkness during a photoperiod.
tories have discovered another abnormality of rooster efferent ducts resulting in reduced fertility. This abnormality is the formation of calcium stones in efferent ducts of diverse populations of roosters. This paper describes the abnormality observed and its effect on fertility.
MATERIALS AND METHODS

Animals and Reagents
White Leghorn roosters, DeKalb Delta strains, were housed at the University of Illinois Poultry Farm in individual cages under a 15 h of light:9 h of darkness (15L:9D) photoperiod and were provided access to feed and water ad libitum. Roosters were killed by cervical dislocation at ages 18 to 52 wk and were used for tissue and stone collection. Three to four roosters per week were sacrificed for a total of 141 Leghorns in this study. Broiler breeder roosters of three different commercial strains were reared according to breeder specifications at the University of Arkansas. Broiler breeder roosters were killed by CO 2 asphyxiation at ages 60 to 62 wk and were used for tissue collection, fertility and daily sperm production analysis, and measurements of testis weight and plasma testosterone concentration. These males were either caged individually (n = 90) or housed with 15 commercial breeder pullets (Cobb 500; n = 100) in a 9.3 m 2 mixed slat and litter floor pen.
All chemicals used for histology, testosterone RIA, and measurement of daily sperm production were purchased from Sigma.
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Histology
After overnight immersion in Bouin's fixative at 4 C, testes were transferred to neutral buffered formalin. Following fixation, tissues were embedded in paraffin, sectioned at approximately 5 µm, and stained with hematoxylin and periodic acid Schiff reagent.
Stone Composition and Size
Stones were collected from epididymi for mineral analysis. The dry and organic matter contents were determined by Association of Official Analytical Chemists (AOAC) methods, (AOAC, 1984) . Ash was prepared for mineral determination by AOAC method (AOAC, 1975) . The calcium, manganese, and magnesium contents of the stones were determined using atomic absorption spectrophotometry.
5 Phosphorus content of the stones was determined using the method of Fiske and Subbarow (1925) .
Epididymal stones were photographed using a SPOT digital camera 6 Developed at the US National Institutes of Health and available from the Internet by anonymous FTP from zippy.nimh.nih.gov or on floppy disk from the National Technical Information Service, Springfield, Virginia, part number PB95-5001295GEI. largest diameter of stones was measured using the public domain NIH Image program. 7 The incidence of stones in the epididymi was quantified for all Leghorn and broiler breeder roosters used in this study. Additional documentation of stones in Leghorn and broiler breeder roosters from commercial and research flocks in numerous states are reported to demonstrate the variability in incidence.
Fertility Trials
Floor Pens. Individual broiler breeder males (n = 100), 60 wk of age, were placed in floor pens with 15 females, 20 wk of age, at photostimulation (14L:10D). During the fertility trial, eggs were collected daily, and incubated for 4 d, and fertilization was determined by visual inspection for embryonic development or breakdown of the germinal disc.
Artificial Insemination. Individually caged males (n = 90) were trained for semen collection following photostimulation (14L:10D) at 20 wk of age. Ejaculates were collected from 60-wk-old roosters. Sperm concentration and percentage of live sperm were determined using the ethidium bromide exclusion assay (Bilgili and Renden, 1984) . Ejaculates were diluted to 1.2 billion live sperm/ mL with Beltsville poultry semen extender (BPSE), prepared according to the methods of Sexton (1977) . Ten to 12 hens were intravaginally inseminated with 60 million live sperm in 50 µL. Beginning on Day 2 following insemination, eggs were collected, incubated, and analyzed for fertility as above.
Testosterone RIA
Broiler breeder males were bled the day following termination of fertility trials. Testosterone concentrations were determined from ethyl acetate:hexane (3:2, vol:vol) extracts of plasma samples using the procedure of Goodman et al. (1974) and were validated for the rooster (Kirby et al., 1996) . All of the samples were run in a single assay with an intraassay CV of 4.2%. The sensitivity of the assay reported herein was <20 pg. No effect of caging on testosterone levels was observed in this experiment.
Daily Sperm Production
After broiler breeder roosters were killed, the left testis was collected and frozen for later determination of daily sperm production as described in Kirby et al. (1996) . Briefly, after washing the testis, it was homogenized in 10 volumes (wt:vol) of saline-triton-merthiolate buffer [150 mM NaCl, 0.05% (vol:vol) Triton X100, and 0.25 mM merthiolate]. Elongated spermatid nuclei that were resistant to homogenization were counted on a hemocytometer in quadruplicate. Estimates of daily sperm production per gram testis and per total testis were estimated by dividing homogenization-resistant nuclei by 4.5, the average number of days elongated spermatids remain in the testis prior to entry into the excurrent ducts of the testis. 
Statistics
Testis weight, testosterone concentrations, and daily sperm production estimates were analyzed using the general linear models procedure of SAS.
8 Individual male fertility was analyzed by analysis of variance after conversion to logits. Significance level for all analyses was P < 0.05. Data are presented as means ± SEM.
RESULTS
Efferent ductule inclusions were first observed in the epididymi of Leghorn roosters at 18 wk of age. Between 18 and 26 wk of age, 75% of 30 Leghorns were observed to have inclusions that were smooth, round, opaque fluidfilled cysts (Figure 1 ). By 26 wk of age, most cysts had become solid, irregularly shaped, yellow-green stones. The number and size of stones increased with age in affected males. The size of the stones varied from 9 to 160 µm and were present in 75% of 141 Leghorn roosters. Chemical analysis of stones collected from 48 to 52-weekold Leghorns indicated that they were composed of very little organic matter (7.72%) and that calcium (48%) was the primary ash component (Table 1) .
Stones were documented only in fully mature broiler breeder males in this study. Incidence of stones in broiler breeders used in this study ranged from 0 to 31% depending on the line of roosters observed and year (Table  1 ; note roosters with asterisks). The incidence of stones was also documented in commercial and research flocks in numerous states and was shown to vary from 0 to 94% ( Histological examination of broiler breeder reproductive tracts revealed chronic inflammation in the epididymis with abundant mononuclear cell infiltrates in the interstitium (Figure 2a) . The inflammation was comprised predominantly of lymphocytes admixed with small numbers of histiocytes and plasma cells and was confined to the interstitium. Normally, epithelium lining the efferent ducts consists of ciliated and nonciliated columnar cells and is highly folded, forming blunt, finger-like projections into the lumen. Despite the lack of dilation, efferent ducts containing stones had fewer finger-like projections (Figure 2a) . In several segments of the efferent duct, columnar epithelium was replaced by an attenuated cuboidal to squamous epithelium or was completely eroded. In other areas of the duct, columnar epithelium retained distinct cilia on the luminal surface. Overall, few infoldings of epithelium were present, decreasing the surface area of the lumen. Few sperm were present in the lumen, and few were attached to the surface of the stone. Stones were observed to contain sloughed, degenerate epithelial cells. Affected ductules were often adjacent to normal ductules (Figure 2b ). Fewer mononuclear cell infiltrates were present in the interstitium surrounding normal tubules. Similar histological changes were observed in Leghorn roosters with efferent ductule stones (data not shown).
Histological changes were also present in the testes of broiler breeders. In some affected birds, seminiferous tubules were dilated and showed a disruption in spermatogenesis (Figure 3) . The multilayered germinal epithelium lining the seminiferous tubules was replaced by a single layer of squamous to cuboidal cells. In other areas, there was complete erosion of the seminiferous epithelium to the basement membrane. Although moderate numbers of sperm were present in lumens of affected tubules, they likely represented sperm produced upstream in areas of seminiferous tubules lined by normal germinal epithelial cells. Similar to the epididymis, affected tubules were surrounded by mononuclear cell infiltrates. In other areas of the testis, seminiferous tubules were lined by a multilayered germinal epithelium and exhibited the various stages of normal spermatogenesis.
Not surprisingly, the presence of epididymal stones was found to cause adverse effects in the broiler breeder reproductive tract. At 62 wk of age, testis weight was reduced in birds with epididymal stones (n = 20), 14.2 ± 1.4 g, as compared with birds without epididymal stones (n = 20), 20.5 ± 1.2 g (Figure 4 ). Concentrations of circulat- ing testosterone were also significantly reduced in birds with epididymal stones (n = 17), 0.9 ± 0.3 ng/mL, when compared with birds without epididymal stones (n = 12), 2.6 ± 0.4 ng/mL ( Figure 5 ). At the same age, daily sperm production was lower in birds with epididymal stones (n = 17), 8.1 ± 1.3 × 10 8 sperm per testis per day, when compared with birds without epididymal stones (n = 18), 12.3 ± 0.8 × 10 8 sperm per testis per day ( Figure 6 ). However, daily sperm production in the same birds was not significantly different when calculated as per gram of testis. Birds with epididymal stones had 5.5 ± 0.4 × 10 7 sperm/g testis. Birds without stones had 6.4 ± 0.2 × 10 7 sperm/g testis (Figure 7) . Fertility in broiler breeder males with epididymal stones was also reduced (Figure 8 ). Males with epididymal stones compared with normal males had reduced fertility when natural mating (24.8 ± 10.5 vs. 66.1 ± 7.2%) occurred in floor pens. Interestingly, when artificial insemination was done using equal numbers of sperm, fertility remained reduced in birds with epididymal stones compared with those without epididymal stones (47.8 ± 16 vs. 82.0 ± 6%).
DISCUSSION
Over the past several years, our laboratories have been investigating estrogen in the reproductive tract of White Leghorn roosters. During the course of these studies, small granular stones ranging in size from 9 to 160 µm were observed in the epididymis. The stones were found to be comprised primarily of calcium and are associated with an erosion of the normal epithelium. Abundant mononuclear cell infiltration in interstitial tissue of the epididymis is also associated with stone formation. This mononuclear cell infiltrate is indicative of a chronic epididymal inflammatory process. In fact, a chronic epididymitis has been observed at 11 wk of age in White Leghorn roosters, several weeks prior to onset of sexual maturation or the appearance of epididymal stones, suggesting that inflammation may set up conditions in the epididymis that favor formation of calcium stones (data not shown).
The presence of stones in the epididymis has also been shown to have effects in the testis. In some birds with epididymal stones, the testis appears histologically normal. However, in other animals with epididymal stones, seminiferous tubules are dilated, and spermatogenesis is disrupted. It is possible that epididymal stones block passage of sperm from the testis, resulting in build-up of fluid in some seminiferous tubules, an increase in pressure back into the testis, and a cessation of spermatogenesis. Experiments done in roosters have shown that occlusion of the vas deferens immediately distal to where it exits the epididymal region (near the mesochorium) results in collapse of the seminiferous tubules and cessation of spermatogenesis within 5 to 7 d (Kirby and Engel, unpublished data and B. Wentworth, University of Wisconsin, Madison, WI, 53706-1284, personal communication). In other species, occlusion of efferent ductules causes seminiferous tubules to swell, with transient increases in testicular weight and a subsequent decline in spermatogenesis (Hess et al., 1991) . In the present study, testis weight data were collected from roosters older than 1 yr of age, an age likely to reveal only terminal pathological results such as decreased testis weight, lower testosterone concentrations, and decreased daily sperm production. It is possible that examination of tissues at earlier ages will show increases in testis weight caused by efferent ductal dysfunction. Transient increases in testis weight followed by atrophy of seminiferous tubules has been shown in the estrogen receptor knockout mouse, an animal model in which the efferent ductules do not reabsorb luminal fluids (Hess et al., 1997) .
Most importantly, the presence of epididymal stones has an adverse impact on fertility and sperm function. Daily sperm production was significantly decreased in birds with epididymal stones when compared with birds without epididymal stones on a per testis basis. This difference was not observed when daily sperm production was compared on a per gram of testis basis. These differences can be explained by the differences in testis size between the two groups. Total daily sperm production is decreased in birds with epididymal stones because of an overall decrease in testis size. However, spermatogenesis is occurring, and mature sperm still are produced in normal areas of the testis. Therefore, no differences are observed between affected and normal birds when daily sperm production is compared on a per gram basis. Fur- thermore, fertility is reduced in birds with epididymal stones as compared with normal males when allowed to mate naturally. Fertility remains reduced in birds with epididymal stones when equal numbers of sperm are used in artificial insemination, indicating that reduced sperm counts alone do not account for decreases in fertility. Sperm maturation, sperm function, or both must also be disrupted by epididymal stones and the associated inflammation.
Consultation with other laboratories revealed this reproductive pathology occurs in genetically diverse poultry breeds located throughout the world. The incidence of calculi in the epididymis ranged from 0 to 94% of roosters within flocks observed in this study and in addi-FIGURE 4. Testis weight was reduced in broiler breeder roosters with epididymal stones (14.2 ± 1.4 g) compared with roosters without epididymal stones (20.5 ± 1.2 g) at 62 wk of age. P < 0.05. FIGURE 5. Plasma testosterone concentration was reduced in broiler breeder roosters with epididymal stones (0.9 ± 0.3 ng/mL) compared with roosters without epididymal stones (2.6 ± 0.4 ng/mL) at 62 wk of age. *P < 0.05. tional studies documenting the incidence of stones in commercial and research lines of roosters in numerous states. Incidence of stones varied in commercial and research lines. The source of this variability is not currently known and will be investigated in future studies. Although a small subset of the broiler breeder research lines were evaluated for fertility, we presume that all birds with stones will have decreased fertility. White Rock and Rhode Island roosters in Japan have also been observed to have epididymal stones (M. Nakai, Department of Veterinary Biosciences, University of Illinois, Urbana, 61802, personal communication), suggesting that this is a worldwide problem.
There are two plausible explanations for this condition. First, it is possibly an infection in the reproductive tract that causes chronic inflammation of efferent ducts and calcium stone formation. Infectious bronchitis virus has a high affinity for reproductive tracts and has been previously implicated in urinary stone formation in White Leghorns (Darbyshire et al., 1976; Niznik et al., 1985; FIGURE 6 . Daily sperm production was reduced in broiler breeders with epididymal stones (8.1 ± 1.3 × 10 8 sperm per testis per day) compared with roosters without epididymal stones (12.3 ± 0.8 × 10 8 sperm per testis per day) at 62 wk of age. *P < 0.05. FIGURE 7. Daily sperm production was not found to be significantly different in broiler breeders with epididymal stones (5.5 ± 0.4 × 10 7 sperm/g testis) compared with rooster without epididymal stones (6.4 ± 0.2 × 10 7 sperm/g testis) at 62 wk of age. Cowen et al., 1987) . Chronic inflammation observed at a young age in these roosters could be the result of a viral infection. Second, epididymal stones could be a result of elevated concentrations of calcium or cholecalciferol (Vitamin D 3 ) in rooster diets. Leghorn roosters in our facilities are customarily fed the same diet as egg laying hens, containing high amounts of Vitamin D 3 and calcium. The normal Leghorn diet contains 1,000 IU Vitamin D 3 and 3.8% calcium, levels well above the daily dietary requirements of roosters. However, diets in this study consisted of relatively low calcium levels (0.5%), yet birds still developed epididymal stones. Future studies in our laboratories will focus on determining whether an infectious organism is associated with this condition or whether changes in diet affect calculi formation. In summary, we are describing a new dysfunction of the rooster reproductive tract that affects diverse bird populations and decreases fertility. White Leghorns and broiler breeders have been genetically isolated for many years, but with age both develop calculi in the epididymis, FIGURE 8. Fertility at 60 wk of age was reduced in broiler breeder roosters with epididymal stones compared with those without both after natural mating (24.8 ± 10.5% vs. 66.1 ± 7.2%) and artificial insemination (47.8 ± 16% vs. 82.0 ± 6%). *P < 0.05. indicating this phenotype is not genetically selected. The cause of this dysfunction is unknown and has not been reported previously in the literature. Furthermore, this reproductive condition has been overlooked in the poultry industry in which emphasis on optimizing production has been placed on females and not males. Individual male fertility is not routinely evaluated. Males either breed freely in floor pens or semen is pooled from several males before use in artificial insemination. As our work demonstrates, significant differences exist in fertility between males with and without epididymal stones. These differences will have an impact on the reproductive efficiency of poultry farms. An understanding of the cause of this dysfunction will improve rooster fertility and provide greater insight into regulation and function of the epididymal region in birds.
